Endometritis caused by uterine infection after calving reduces fertility and causes major economic losses to the dairy industry. This study investigated the time course of an inflammatory response in bovine endometrium triggered by exposure to bacterial endotoxin lipopolysaccharide (LPS). Mixed endometrial epithelial and stromal cells (9:1 ratio) were grown to confluence as a model system and treated with an optimized dose of 100 ng/ml LPS in vitro. Gene expression responses were measured using quantitative PCR, and gene products were investigated using assays of culture medium and Western blotting. Of 17 candidate genes tested initially, LPS treatment for 24 h up-regulated mRNA expression of TLR4 signaling (TLR4, CD14), cytokines (IL1B, TNF), chemokines (IL8, CXCL5), antimicrobial peptides (LAP, S100A8, S100A9, S100A12), and matrix metalloproteinases (MMP1, MMP13). A 48 h, LPS time course study showed that TNF increased first at 1 h, followed by peak expression of IL1B at 6 h, and those of S100A8, S100A12, and LAP at 12 h. The intracellular S100A8 protein content doubled at 12-24 h but with little excretion into the medium. Regarding prostaglandin biosynthesis, PTGES mRNA was slightly higher after LPS exposure, whereas expression of the PGF synthase AKR1B1 was inhibited. Despite this, LPS treatment stimulated the secretion of both PGE 2 and PGF 2alpha to a similar extent. These results suggest that the family of S100 Ca 2+ binding proteins are released from damaged endometrial cells and may play a major antimicrobial role. Prostaglandin synthesis increased during the uterine infection, but we found no evidence that this was associated with a change in the PGE:PGF ratio.
INTRODUCTION
The majority (80%-90%) of bovine uteri become contaminated with bacteria after calving [1] . In most cows, the contamination is eliminated during the process of involution, together with extensive tissue remodeling. In 10%-20% of cows, however, the infection is not controlled, which may lead to chronic uterine inflammation [2, 3] . Clinical endometritis causes subfertility, increasing the number of services per pregnancy and extending the calving-to-conception interval.
Furthermore, infected cows may become sterile, which increases the herd culling rate [3] [4] [5] . Economically important uterine diseases in cattle are commonly associated with infection by Escherichia coli, Trueperella pyogenes, Fusobacterium necrophorum, and Prevotella species [2, 6] . The most significant pathogenic bacteria responsible for uterine infection are E. coli, which produce the endotoxin lipopolysaccharide (LPS). LPS is present in the cell wall and acts as a wellestablished pathogen-associated molecular pattern (PAMP) to the innate immune system [7] . E. coli appears to favor the additional development of uterine infections by T. pyogenes and viruses such as bovine herpesvirus 4 [7, 8] . Recently, specific strains of E. coli called endometrial pathogenic E. coli (EnPEC) were discovered that were more adherent to and invasive in endometrium [9] .
Previous studies have shown LPS has many negative effects on bovine reproduction. Local LPS in the uterine lumen stimulated inflammation and caused cell damage [10] . Intrauterus-derived LPS can also enter the circulation if animals develop severe metritis or endometritis. This can result in fever and suppression of GnRH and LH secretion and interfere with the estrous cycle [11] . LPS can also directly impact ovarian health by reducing granulosa cell estradiol secretion, thereby decreasing the likelihood that dominant follicles will ovulate [12] .
The reproductive tract initially responds to infection by using innate immunity and mucosal defense systems [2, 5, 13] . The uterine immune response is generated not only by professional immune cells but also by endometrial epithelial and stromal cells, which can respond to LPS through the Tolllike receptor (TLR)4/CD14/MD2 complex signaling pathway [14, 15] . Activated TLRs subsequently stimulate the production of proinflammatory cytokines, chemokines, and prostaglandins (PGs) [16, 17] . In bovine endometrium, several chemokines, antimicrobial peptides (AMPs), and acute phase proteins have been shown to contribute to local defense mechanisms [18, 19] .
PGs play an important role in reproduction [20] . They are initially synthesized from membrane phospholipids which release arachidonic acid by the action of phospholipase A 2 (PLA2). The arachidonic acid is next converted to PGH 2 by PG-endoperoxide synthase 1 and/or 2 (PTGS1 and PTGS2, respectively). Last, prostaglandin F synthase (PGFS) and prostaglandin E synthase (PTGES) produce PGF 2a and PGE 2 , respectively [21] . Uterine epithelial and stromal cells can produce both PGE 2 and PGF 2a , with epithelial cells principally secreting PGF 2a , while stromal cells secrete more PGE 2 [22] . Normal luteolysis in cattle requires oxytocin receptor-mediated pulsatile secretion of PGF 2a by the endometrium [23] . In the postpartum period, cows experiencing uterine infections have raised levels of the PGF 2a metabolite PGFM in their circulation [24] . After ovulation, such animals often show a prolonged luteal phase [25] . It has been suggested that uterine infections favor the production of PGE 2 at the expense of PGF 2a [15] , but the precise mechanisms regulating uterine PG production in infected animals in comparison with normal cyclic cows have yet to be established.
Many dairy cows enter a period of negative energy balance (NEB) after calving that is associated with both reduced immune capacity and decreased fertility [26] . Recently, microarray analysis of the endometrium obtained from cows 2 wk after calving showed that many genes involved in inflammatory responses, PG synthesis, and tissue repair mechanisms were up-regulated in postpartum cows in severe compared with mild NEB [26, 27] . This suggested that the metabolic changes in a postpartum cow suffering from NEB may delay uterine repair mechanisms and promote a chronic state of inflammation that adversely affects fertility.
A better understanding of the molecular mechanisms by which postpartum cows detect and respond to uterine infections should lead to improved strategies for the diagnosis and treatment of uterine disease and so benefit dairy herd health. In the present study, we have developed an in vitro model to investigate the timing of response to LPS on patterns of gene expression in bovine endometrial cells. This enabled us to separate the effects of a bacterial endotoxin on immune responses from those caused by other microorganisms and differences in metabolic status, which will also influence results in vivo.
MATERIALS AND METHODS
All chemicals and reagents were purchased from Sigma-Aldrich Co., Ltd., unless otherwise specified.
Cell Culture System
Fresh bovine uteri in the early luteal phase were collected from nonpregnant cows at the local abattoir and transported to the laboratory in plastic bags on ice. Primary endometrial cells were isolated and cultured as previously described, with some modification [28] . Strips of endometrial tissue were cut into 1-mm 3 pieces using a mechanical tissue chopper (McIlwain Laboratory Engineering) before transfer to Hanks balanced salt solution (HBSS). Tissue samples were then digested in 150 ml of digestive solution made by dissolving 50 mg of trypsin III (Roche), 50 mg of collagenase II (Roche), 100 mg of BSA (Sigma), and 10 mg of deoxyribonuclease I (Roche) per 100 ml of HBSS. After incubation for 90 min at 378C in a shaking water bath, the cell suspension was filtered through 100-lm mesh (Fisher Scientific). A second digestion step was repeated for 60 min. The filtered cell suspension was resuspended with HBSS containing 10% fetal bovine serum (FBS) and 3 lg/ml trypsin inhibitor (Roche) and centrifuged at 100 3 g for 10 min before the washing procedure was repeated twice. After the cell integrity and number were checked by trypan blue staining under light microscopy at 1003 magnification, the washed pellet was resuspended with Dulbecco modified Eagle/F12 medium containing 100 U of penicillin and streptomycin (ICN Flow) and 10% fetal calf serum to 7 3 10 5 to 9 3 10 5 cells/ml. Cell suspensions from three uteri were pooled before 1 ml of cell suspension was added per well into 24-well Iwaki microplates (Scitech Div., Asahi Techno Glass), followed by another 1 ml of medium per well. Cell cultures were incubated in a humid atmosphere at 378C with 5% CO 2 . Culture medium was changed every 48 h for 7-9 days until the cells reached confluence.
Immunostaining Techniques
Samples of bovine intercaruncular endometrium from the mid-region of the uterine horn were fixed in 4% paraformaldehyde and embedded in paraffin. Tissues were sectioned at 10 lm and mounted on glass slides (SuperFrost Plus; VWR International Ltd.). Isolated endometrial cells from the same animals were either smeared onto a slide and fixed before culture (Day 0) or seeded onto surface-treated plastic coverslips (VWR) in 24-well microplates and cultured for 3, 6, or 9 days (when they reached confluence). A smear of cells from the buffy coat fraction isolated from fresh bovine blood collected in Vacutainer EDTA tubes (Becton Dickinson UK Ltd.) and centrifuged at 25003g for 10 min was used as the positive control for immune cells. Both smeared and cultured cells were fixed with cold acetone for 10 min and stored at À208C. Epithelial, stromal, and immune cells were identified in both whole tissues and isolated cells by specific staining for cytokeratin, vimentin [29] , and the macrophage/granulocyte marker CD172A, respectively. The primary antibodies used were mouse anti-cytokeratin (M3515; Dako), mouse antivimentin (V6630; Sigma) and CD172A monoclonal antibodies DH59B (macrophage and granulocyte marker; VMRD Inc., WA), all diluted in PBS at 1:100. Isotype-matched control sections were treated in the same manner with mouse immunoglobulin G (IgG) diluted with PBS.
For whole tissue, an immunoperoxidase staining procedure was used in accordance with guidelines supplied by the manufacturer (Vectastain Elite ABC kit; Vector Laboratories). Tissue sections were deparaffinized in a tissue clearing agent (Histo-Clear; Fisher Scientific) and rehydrated in a graded series of ethanol concentrations. Sections were immersed in 0.3% hydrogen peroxide (Sigma) in methanol for 60 min to inactivate endogenous peroxidase, washed in PBS (pH 7.5; Sigma) twice for 5 min each and then subjected to microwave pretreatment for 7 min twice at 700 watts in 0.01 M citrate buffer solution (pH 6) for antigen retrieval and left to stand at room temperature for a further 30 min. After being washed in PBS (23, 5 For cultured cells and smears, the slides were rehydrated with PBS for 5 min with two PBS washes between sequential treatments. Nonspecific binding was blocked with normal horse serum (1:20 dilution in PBS) for 45 min at room temperature before being incubated with primary antibodies overnight at 48C. On Day 2, sections were incubated with 1:100 donkey anti-mouse IgG-FITC (catalog no. 715-095-150; Jackson ImmunoResearch Laboratories) at room temperature for 90 min in the dark. Slides were counterstained with Hoechst 33142 dye at 10 lg/ml for 10 min before being mounted with a glycerol-based antifade medium (Vectashield; Vector Laboratories). Visualization was performed using a fluorescence microscope (BX-60 model; Olympus).
To calculate the total number of cells on each entire coverslip, the number of Hoechst-stained nuclei were counted in five randomly chosen microscopic fields (1003 magnification, 0.3 mm 2 ) using ImageJ version 1.44 plugin software (MRI Cell Image Analyzer) [30] 
Cytotoxicity Assays
Cultures of mixed epithelial and stromal cells at a starting concentration at 1 3 10 5 cells/ml were grown to confluence in 96-well plates (Nunc A/S) as described above. To test dose toxicity of LPS, sets of six wells were exposed to a purified LPS from E. coli 055:B5 (Sigma) at a concentration of 0, 10, 100, or 1000 ng/ml for 24 h. Duration tests of LPS exposure were performed by adding 100 ng/ml LPS for 12, 24, or 48 h into a set of six wells, with other sets left as controls. The relative number of viable cells was determined using the MTS (3- 
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Experimental Design
In experiment 1, half of the wells containing confluent endometrial cells (ratio of approximately 1:9 epithelial to stromal cells, respectively) from each 24-well microplate were challenged with medium containing 100 ng/ml LPS for 24 h, with remaining wells acting as controls. Cells from each well were then harvested separately to evaluate mRNA expression by quantitative real-time PCR (qPCR). In experiment 2, six microplates were established with the same population of mixed endometrial cells, which were grown to confluence. Half of the wells in each plate were then challenged with 100 ng/ml LPS, except for the 0-h plate, with remaining wells acting as controls. Cultures were terminated after 0, 1, 6, 12, 24, or 48 h. Cells from two wells of each row of four were collected separately to evaluate mRNA expression by qPCR. Cells from the other two wells were pooled and prepared for measurement of intracellular protein by Western blotting. Media samples from each well were collected separately and stored at À208C for analysis of concentrations of PGE 2 , PGF 2a, TNFa, IL1B, and S100A8. In each experiment, treatments were replicated six times, and experiments were conducted on three separate occasions.
RNA Isolation and Reverse Transcription
The procedures of RNA isolation, reverse transcription (RT), and qPCR were performed as described previously [31] . Total RNA was extracted from endometrial cells directly from the cell culture plate, using a column method (RNeasy mini-kits; Qiagen Ltd.) in accordance with guidelines supplied by the manufacturer. RNA concentration and purity of each sample were evaluated using an ND-1000 spectrophotometer (NanoDrop Technologies Inc.), in which all samples had an acceptable 260/280 ratio of absorbance between 1.9 and 2.1. RNA integrity was confirmed with clearly visible bands of the 18S and 28S ribosomal RNA in denaturing formaldehyde agarose gel electrophoresis visualization (www.qiagen.com/literature/render:aspx?id¼23577). In the following stage, precisely 1 lg of total RNA was treated to remove genomic DNA carryover with an RNase-free DNase kit according to guidelines supplied by the manufacturer (Promega). Subsequently, the DNase-treated RNA was transcribed into complementary DNA (cDNA) in 20-ll reaction mixtures, using an RT system kit (Promega) with random hexamer primers following the protocol from the supplier. A master mixture of RT reagents was prepared once to minimize potential variation.
Primer Design and Optimization of Real-Time qPCR
Primer sequences were obtained from our previous studies [27, 32] or were designed using Primer3 Web-based software [33] based on high-quality nucleotide sequences derived from the coding domain sequence of genes in the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm. nih.gov/) and Ensembl Genome Browser (http://www.ensembl.org) databases. The specificity, compatibility, and potential dimers of the designed primer were determined by NCBI Primer-BLAST and OligoAnalyzer version 3.1 software (http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/) before being synthesized (Eurofins MWG Operon). Gene symbols, sequence information, accession numbers, and expected product lengths are provided in Supplemental  Table S1 (available online at www.biolreprod.org), including the R 2 values of the standard curve and efficiency of the assay (E) used for qPCR determination in this study. Primers were tested by conventional PCR amplification using Platinum PCR Supermix containing Taq polymerase (Invitrogen Ltd.), 100 ng of cDNA, and 20 lM primers with the optimal amplification condition. The presence of a single band of DNA by electrophoresis on a 1% (w/v) agarose gel confirmed specificity of PCR products without primer dimers.
Real-Time qPCR
Gene transcripts were determined by an optimized qPCR procedure with a single-plex SYBR Green I assay (CFX 96 real-time PCR detection system; BioRad Laboratories, Inc.). ACTB and RN18S1 were selected as reference genes, while GAPDH and RPL19 showed less stability in endometrium [32] . To minimize variation, all cDNA samples included in each analysis were derived from the same batch. A master mixture of qPCR reactions was prepared once for each assay to avoid pipetting error. Amplification mixtures contained 10 ll of KAPA SYBR Fast qPCR kits (GRI), 0.5 ll of 20 lM forward and reverse primers mixture, 4.5 ll of nuclease-free water, and 5 ll of unknown sample (50 ng of cDNA). Standards for qPCR were prepared from purified PCR products by using QIAquick PCR purification kits (Qiagen) that were quantified by spectrophotometry and diluted over at least 8 orders of magnitude. qPCR assays for both standards and samples were run in duplicate. A no-template control (NTC) with nuclease-free water was included in every assay. Data from samples that expressed below quantification cycle (C q ) of the NTC were excluded. Thermal cycling conditions applied to each assay consisted of an initial Taq activation step at 958C for 5 min, followed by 38 cycles of denaturation at 958C for 30 sec, annealing (range, 50.08C-64.28C) for 30 sec, and extension at 728C for 20 sec and amplicon-specific fluorescence acquisition reading (range, 748C-848C). A melting curve analysis was performed for each amplicon between 508C and 958C so any smaller nonspecific products such as dimers were melted (if present) prior to fluorescence acquisition. Absolute concentrations of the PCR product were calculated by comparing the C q values of the unknown samples to that of a standard curve, using CFX Manager software version 1.0.1035.131 (Bio-Rad Laboratories, Inc.) and expressed as fg/lg RT RNA. Analysis of relative quantification from the ratios of the mRNA concentrations of the genes of interest to the reference genes were carried out in parallel with the absolute quantification.
Measurement of Secreted Protein using ELISA
In experiment 2, samples of medium obtained after 0-, 6-, and 12-h exposure to LPS and their equivalent controls were used to determine tumor necrosis factor a (TNFa) and interleukin 1B (IL1B) levels in duplicate by using ready-to-use enzyme immunoassay kits (bovine TNFa VetSet; Kingfisher Biotech; and bovine IL1beta ELISA set, Pierce Biotechnology) in accordance with the guidelines supplied by the manufacturer. All samples were measured on the same occasion to avoid interassay variation. For TNFa, the intra-assay coefficient of variation (CV) was 1.7%, and the detection limit was 2 pg/ml. For IL1B, the intra-assay CV was 2.6%, and the detection limit was 1.2 pg/ml. Samples of medium collected after 12-, 24-, or 48-h treatment, with or without 100 ng/ml LPS, were also measured using a commercial ELISA test kit for human S100A8 (S-1007; BMA Biomedicals) in accordance with guidelines supplied by the manufacturer. The intra-assay CV was 3.7%, and the detection limit was 0.47 ng/ml. The homology of amino acid sequences between human and bovine S100A8 is 71%.
Western Blot Analysis for S100A8
Endometrial cells from selected wells were washed with ice-cold PBS and treated with lysis buffer containing 63.5 mM Tris-HCl (pH 6.8), 10% glycerol, and 2% SDS with protease inhibitor cocktail (Calbiochem). After aspiration several times with a sterile 18-G needle, protein extracts were collected and then boiled for 5 min. Lysate protein concentrations were determined by using a spectrophotometer before adding b(2)-mercaptoethanol and bromophenol blue prior to storage at À208C. Western blotting for S100A8 was performed using a protocol described previously [34] with some modifications. Both extracted whole cells from bovine endometrial cell culture and recombinant human S100A8 protein samples were tested by direct ELISA, and dot blotting was used for reactivity with monoclonal antibody for human S100A8 (Santa Cruz Biotechnology). Total protein lysate (100 lg) was loaded into each lane and separated by 15% SDS-PAGE. Proteins were transferred to a polyvinylidene difluoride membrane (Immobilon) and blocked with 10% skim milk in PBS-T buffer (0.05% Tween 20 in PBS) overnight at 48C. Membranes were cut into two pieces at the 22-kDa marker and then incubated sequentially with primary antibody against human S100A8 or b-actin for 120 min and horseradish peroxidase-conjugated goat anti-mouse IgG (BD Biosciences) for 60 min at room temperature (each diluted 1:200, 1:20 000, and 1:80 000 with PBS-T, respectively) with intensive washing in PBS-T between each step. Bound antibodies were developed with a chemiluminescence reagent (ECL advance system; GE Healthcare) and visualized with the Dyversity system (Syngene). Densitometric quantification of the immunopositive bands in the images was performed using FC software (AlphaEase). Data are presented as the integrated density value (IDV) ratio of the protein S100A8 band relative to that of the corresponding reference protein (b-actin) band.
Prostaglandin Measurement Using Radioimmunoassay PGE 2 and PGF 2a concentrations in the culture medium were quantified using charcoal-dextran-coated radioimmunoassay methods as described previously [35] . The supernatant samples from 0, 6, and 24 h in the presence or absence of LPS were diluted five times in 0.05 M Tris buffer (pH 7.4) containing 0.1% gelatin and 0.01% sodium azide (assay buffer). At this dilution, the presence of the control medium had negligible effect on the radioimmunoassay values (,1%), so no extraction of the samples was required. The eight PGE 2 and PGF 2a standard dilutions (range, 0.05-10 ng/ml for PGE 2 and 0.025-5 ng/ml for PGF 2a ) were prepared in an assay buffer. Tritiated PGE 2 ([5, 6, 8, 11, 12, 14, 15 fng-dilution (PGF 2a ). Limits of detection were 2 and 1 pg/tube for PGE 2 and PGF 2a , respectively. Intra-assay and interassay CVs were 3.5% and 6.3% for PGE 2 and 4.1% and 9.6% for PGF 2a , respectively.
Statistical Analysis
Experiments 1 and 2 data were derived from a total of 9-18 replications, obtained on three independent occasions. Data of mRNA expression, protein, and PG concentrations were analyzed using SPSS version 18.0 software for Windows (SPSS, Inc.; Microsoft, respectively). Data were tested for homogeneity of variance by using a Levene test and log transformed if appropriate. One-way ANOVA was used to analyze differences of cytotoxicity of LPS treatment between doses and between durations. ANOVA with repeated measurement via a linear mixed effect model approach was used to evaluate one fixed effect (LPS treatment) for experiment 1 and two fixed effects (LPS treatment and timecourse) for experiment 2, in which batch was included as a random effect. Bonferroni post hoc tests were carried out to identify sources of differences where statistical significance was achieved in ANOVA. Data are presented as sample means 6 SEM. Significance levels were set as P values 0.05.
RESULTS
Establishment of an In Vitro Model of Bovine Endometrial Cells
Mixed epithelial and stromal populations of uterine endometrial cells reached confluence after approximately 9 days. This stage consisted of a monolayer of fibroblast-shaped stromal cells together with cuboidal epithelial cells (Fig. 1A) . With immunofluorescence staining, the stromal cells alone were strongly positive for vimentin (Fig. 1B) , whereas immunostaining for cytokeratin was evident in epithelial cells (Fig. 1C) . The specificity of staining was validated using the same antibodies on whole tissue before cell isolation (Fig. 2, A  and B) . The time course of the appearance of epithelial and stromal cells as shown in Figure 2 revealed that both cell types were isolated separately at Day 0 (Fig. 2, C and D) . On Day 3 (Fig. 2, E and F) , small clumps of epithelial cells were observed, while stromal cells had proliferated rapidly. The clumps of epithelial cells expanded rapidly in cultures at Days 6 ( Fig. 2G) and 9 (Fig. 2J) . The proportion of epithelial cells relative to stromal cells, therefore, changed from 36%, 19%, and 59% to 93% at Days 0, 3, 6, and 9, respectively.
To evaluate the influence of immune cell contamination in this primary cell culture system, an analysis of CD172A (a marker for macrophages and granulocytes) was conducted. Occasional CD172A
þ cells were present in the endometrium before cell isolation (Fig. 3B) , and these remained detectable during culture. The proportions of immune cells to total cells 
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decreased with time of culture, from 1:63 000 to 1:90 000, and then to 1:210 000 after 3, 6, and 9 days, respectively. LPS challenge at 0, 10, 100, or 1000 ng/ml for 24 h (n ¼ 6 replicates per dose in 96-well plates) revealed no significant differences between treatments, in OD values, representing the number of viable cells present (all values ranging from OD 0.50-0.75). There were also no differences between the number of viable cells cultured with 100 ng/ml LPS for 12, 24, and 48 h and those of untreated control wells (data not shown). Subsequent experiments were therefore carried out with 100 ng/ml LPS for up to 48 h.
Effect of 24-h Exposure to LPS on Gene Expression
In the first experiment, mixed endometrial cells were cultured with or without 100 ng/ml LPS for 24 h, and gene expression was measured by qPCR. Treatment did not alter RN18S1 mRNA expression, which was included as a reference gene. This confirmed the equal input of RNA in each sample. LPS challenge significantly increased the mRNA expression of TLR4, CD14, TNF, IL1B, IL8, CXCL5, S100A8, S100A9, S100A12, MMP1 and MMP13 (P 0.05) and appeared to stimulate expression of LAP (P , 0.1) ( Table 1 ). For the immune-related genes investigated, the proportionately greatest increases after 24 h exposure to LPS were in the expression of the cytokine signaling-related genes IL1B and IL8 mRNA, which were 7-to 8-fold increased (P , 0.01). Endometrial mRNA expression of the chemokine CXCL5 and the antimicrobial Ca 2þ binding proteins S100A8 and S100A9 were induced by approximately 5-fold (P , 0.01). There was a moderate rise in mRNAs for S100A12, CD14, TLR4, and TNF (1.5-to 2-fold; P , 0.05-0.001). Two genes involved in uterine repair mechanisms, MMP1 and MMP13, were also upregulated by 2-fold (P , 0.05). There was no significant alteration in the expression of CXCR2, DEFB5, MMP3, GHR, or AKR1C4. 
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Time Course Effect of LPS Treatment on Gene Expression
Expression of 11 selected genes (5 inflammatory genes, 4 prostaglandin synthase genes, and 2 reference genes) were next determined in endometrial cells after 0, 1, 6, 12, 24, or 48 h exposure to 100 ng/ml LPS. Expression of the two reference genes ACTB and RN18S1 was in the range of 0.8 3 10 6 to 1.5 3 10 6 fg/lg RT RNA and 1.8 3 10 6 to 2.7 3 10 6 fg/lg RT RNA, respectively, with no changes according to LPS treatment or time. There was no difference in the conclusions drawn when values for the remaining genes were analyzed as either absolute concentrations (fg/lg RT RNA) or relative changes (after normalization relative to ACTN or RN18S1). The original concentration data are therefore presented.
Mixed model analysis was performed to compare the effects of LPS at different time points on gene expression, and results are summarized in Figures 4 and 5. There was no significant effect of time or LPS treatment on expression of ACTB. For the remaining genes tested, there were significant differences between the control and LPS treatment groups for at least one time point for all except PTGES2 and AKR1C4. The inflammatory genes were categorized into three groups according to the pattern of mRNA expression over a 48-h time-course (Fig. 4) . The first pattern indicated a rapid response by TNF at 1 h after exposure to LPS (P ¼ 0.006). The second, which was the IL1B response, showed peak up-regulation at 6 h (P , 0.001), declining by 12 h. The third pattern showed a significant increase in gene expression of AMPs including the S100 family and LAP. These increased by 6 h, peaking at 12 h, then declining by 24 h. For example, LPS significantly increased expression of S100A8 up to 3-fold (P ¼ 0.039) at 1 h, 18-fold (P , 0.001) at 6 h before reaching the peak at 12 h (19-fold, P , 0.001), and then gradually declining over 48 h. The expression patterns of terminal PG synthase genes are shown in Figure 5 . PTGES mRNA fell from 0 to 6 h with a greater decline in the controls (P , 0.001), while PGF synthase AKR1B1 mRNA increased over time in the controls but fell slightly after LPS treatment, with significant differences at both 12 h and 24 h. In contrast, expression of PTGES2 and AKR1C4 did not change significantly according to LPS treatment, although expression of both genes increased with time in culture.
Changes in Protein Expression in Response to LPS
TNFa and IL1B were not detectable by ELISA in culture supernatant of mixed endometrial cells after LPS treatment or control culture (data not shown). Medium from cells treated with or without LPS for 12, 24, or 48 h contained 1.3 6 0.04 ng/ml S100A8 regardless of time or treatment, just above the assay detection limit of 0.47 ng/ml. Western blot analysis was used to detect S100A8 in extracted protein from endometrial cell lysates at 0, 12, and 24 h. Results revealed a specific band (;10 kDa), confirming S100A8 protein expression in endometrial cells (Fig. 6 ). In accordance with the mRNA expression results, the band IDVs were stronger in LPSchallenged endometrial cell lysates at both 12 and 24 h (P ¼ 0.022 and 0.009, respectively). A preliminary analysis of samples of endometrial cell lysates measured by ELISA for S100A8 gave a value of 550 6 143 ng/ml.
Prostaglandin Production in Response to LPS
LPS significantly enhanced secretion of both PGE 2 and PGF 2a (Fig. 5 ) by 2-fold to peak values of 1.9 6 0.1 and 2.2 6 0.1 ng/ml/h at 6 h (P , 0.01), respectively. Values of both PGs had dropped by 24 h but remained above those in control cultures. The cultures produced similar amounts of PGE 2 and PGF 2a and the PGE:PGF ratio did not change significantly following LPS, as follows: 6 h, ratio control 1:1, LPS treatment 1:1.2; 24 h, ratio control 1:1.5, LPS treatment 1:1.5.
DISCUSSION
Clinical and subclinical endometritis are responsible for economically important uterine disease in the dairy industry [2] . The mammalian endometrium is composed of a variety of cell types including luminal and glandular epithelium, stroma, vascular smooth muscle, endothelium, and leukocytes. We developed a mixed primary cell culture system to study gene and protein responses to the bacterial endotoxin LPS over a 48-h time period, which enabled the epithelial and stromal cells to interact directly with each other. Results showed that signaling in these cells through TLR4 provoked a rapid increase in 
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endometrial mRNA expression of both cytokines (TNF and IL1B) and chemokines (IL8 and CXCL5). There was also a major up-regulation of AMP genes encoding members of the S100 family of Ca 2þ binding protein, including S100A8, S100A9, and S100A12. Expression of the PGE synthase gene PTGES was slightly higher in LPS than in control cultures, whereas expression of the PGF synthase gene AKR1B1 mRNA was lower. Despite these differences in expression, secretion of both PGE 2 and PGF 2a was increased to a similar degree by LPS treatment.
Endometrial tissue is composed mainly of epithelial and stromal cells which have distinct morphology and show functional differences in response to several inflammatory mediators [36] [37] [38] . Using gross morphology and immunofluorescence, we confirmed that the primary bovine endometrial cell culture developed in this study consisted of two major cell   FIG. 4 . A-F) Time course of mRNA expression pattern of five immune-related genes and ACTB in bovine endometrial cells cultured in the presence or absence of 100 ng/ml LPS. Treatments were replicated six times, and the experiment was conducted on three separate occasions. Differences between control and LPS treatments assessed by mixed model analysis are indicated by *P , 0.05 and **P , 0.01. Data are mean values (fg/lg RT RNA). SEMs for each gene (control [CON] vs LPS) for TNF were 24 versus 26; 4395 versus 4820 for IL1B; 35 versus 38 for S100A8; 605 versus 667 for S100A12; 3.6 versus 4.0 for LAP; and 48 900 versus 50 976 for ACTB.
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types from epithelial and stromal origins. In accordance with a previous study [38] , the growth of the stromal cells slowed after 6 days, whereas the epithelial cells continued to proliferate more rapidly over time and were predominant by Day 9. Results presented in response to LPS challenge were therefore derived mainly from epithelial cells, which present the first line of defense to a uterine bacterial infection. While the stromal cells were in the minority, their continued presence would have enabled interaction between the two cell types to occur, resembling the in vivo situation.
Focusing on the immune cells in the normal bovine uterus, T and B lymphocytes were found within either the cyclic (Day 16 of estrous cycle) or pregnant subepithelial stroma, but they were rarely present within the luminal epithelium, while 
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macrophages were commonly found within uterine subepithelial stroma and luminal epithelium in both cyclic and pregnant cows [39] . In addition, polymorphonuclear cells were evident in bovine endometrium undergoing inflammatory processes [9, 40, 41] , but there were fewer in healthy cows (,2% of all samples) [42] . A previous study of bovine endometrial cells using a culture system similar to the one used here indicated the absence of immune cells in the endometrial cell preparations, using conventional PCR analysis of CD45, a gene encoding a panleukocyte marker, and further confirmed this result by using flow cytometry analysis with the CD45 þ cells [43] . In contrast, our present data showed that CD172A þ cells were detectable using immunofluorescence at all culture time points, although the number decreased over time with changes of medium every 48 h until confluence was reached. This technique is likely to be more sensitive, but as the immune cells were present at ,1:200 000 at the time of the LPS experiments, they are unlikely to have made a significant contribution to the results.
Previous studies have similarly shown that bovine endometrium expresses the TLR-4/CD14/MD-2 receptor complex in both epithelial and stromal cells [14, 19, 44] . This is a key component of the innate immune system, which is necessary to detect LPS. Subsequent activation of TLR4 triggers the production of cytokines, particularly TNFa and IL1B and the chemokine IL8 in bovine endometrium [45, 46] . In accordance with this, we found an immediate rapid rise in TNF expression, which had already peaked by 1 h, followed by a rise in IL1B and AMP genes, with peak up-regulation at 6 h and 12 h, respectively. All gene changes had returned nearly to baseline within 48 h, supporting the idea that the inflammatory process is controlled by negative feedback regulation, the production of anti-inflammatory factors, and/or receptor down-regulation in order to avoid excessive tissue inflammation and damage [19, 47] . The early rise in TNF is probably responsible for inducing IL1. These two proinflammatory cytokines recruit neutrophils, macrophages, and T-lymphocytes into inflammatory sites and stimulate the production of AMPs [48] . IL1B was identified in both glandular and luminal endometrial epithelium, endometrial stroma, and endothelial cells in the bovine reproductive tract [49] . In addition, infertile animals or cows with subclinical or clinical endometritis had higher transcripts of IL1A, IL1B, and IL1RN (the interleukin 1 receptor antagonist) and their receptor IL1R2, compared with fertile animals during the early postpartum period [19, 41] . Our study also showed the significant induction of the chemokine CXCL5 by LPS. A similar response to LPS occurs in bovine mammary tissue [50] and in both cases is likely to stimulate migration of polymorphonucleocytes into the lumen of the uterus or mammary gland.
Another important aspect of mucosal immunity is the local production of AMPs, which can also be up-regulated via TLRs in response to LPS or other PAMPs [14] . A number of AMP genes are expressed in bovine endometrium, including LAP and TAP and several b-defensins [27, 51] . LAP, TAP, BNBD4, and DEFB5 were all up-regulated in bovine epithelial cells but not stromal cells exposed to LPS [14, 44] , while DEFB1 and TAP expression levels were significantly higher in endometrium of postpartum cows in severe NEB [27] . In this study, LAP expression also increased, but DEFB5 expression was unchanged when measured after 24 h exposure to LPS.
To our knowledge, this study provides the first evidence that LPS induced a major increase in expression of S100A8, S100A9, and S100A12 in bovine endometrial cells. In agreement with previous studies in other types of tissue, the production of these three S100 Ca 2þ binding proteins can be stimulated by LPS as part of an inflammatory response [52] . The main sites of production are in a variety of immune cells (neutrophils, monocytes, and infiltrating tissue macrophages), but other cell types including fibroblasts, keratinocytes, and endothelial cells and mucosal epithelium have also been implicated [53] [54] [55] [56] . A previous study based on human tissue found a major up-regulation of S100A9 in the cervix and myometrium at the onset of labor [54] .
Members of the S100 protein family are multifunctional proteins. S100A8 and S100A9 readily form monomers and hetero-and homodimeric, trimeric, and tetrameric complexes, which may exert specific biological functions [57] . The heterodimer complex of S100A8 and S100A9 is called calprotectin. Both the monomers and calprotectin have been implicated in the regulation of a wide range of intracellular and extracellular activities including i) regulation of enzyme activities such as casein kinases I and II to promote cell differentiation and maturation [58] ; ii) NADPH oxidase activation [59] ; iii) stimulation of proinflammatory cytokines such as TNFa [60] ; iv) induction of MMP-2, À3, À9, and À13 [61] ; v) arachidonic acid metabolism [59] ; and vi) support of phagocytic properties by regulation of cytoskeletal rearrangement of the membrane [62] . The pattern of gene expression for S100A8 in this study with a small increase in mRNA at 1 h, peaking at 6-12 h, then declining by 24 h is similar to that reported for LPS-treated monocytes and macrophages [63] , while other studies have reported a somewhat more protracted response [63, 64] . The S100A8:S100A9 mRNA ratio in mixed endometrial cells treated with LPS was ;500:1. The much lower induction of S100A9 may reflect the culture system used, as previous studies have implicated leukocytes and CSF-1 (macrophage-specific growth factor) in S100A9 production SWANGCHAN-UTHAI ET AL. [65] . Perhaps not surprisingly, we were unable to detect secretion of the heterodimer calprotectin into the culture medium (data not shown).
Previous work with S100A12 is much more limited. The gene sequence has been reported in several mammals including humans [66] and cows [67] but not mouse [68] . It has been identified from neutrophils, monocytes, and lymphocytes, and it is strongly expressed in various human inflammatory diseases [69] . S100A12 can interact with the receptor for advanced glycation end products (RAGE) and several metabolic enzymes as well as S100A8 and S100A9 proteins [52] . In close accord with the results reported here, a previous study showed that LPS increased expression of S100A12 in whole-blood culture of pigs, with a peak at approximately 6-12 h [70] .
Although we found a major increase in gene expression of TNF and IL1B by endometrial cells in this investigation, the proteins were not secreted in detectable amounts into the medium. This is similar to the finding in a recent study [46] . With respect to S100A8, our results showed that the intracellular S100A8 protein concentration was more abundant than the amount secreted into culture medium, which was near the lower limit of detection. This is in agreement with evidence that S100A8, S100A9, and calprotectin are not secreted via the classical Golgi body-associated pathway. In order to release these proteins, the particular cells need an active nonclassical pathway, which the present experiment did not provide [71] . Our findings support the concept of alarmins or damageassociated molecular pattern molecules. These are endogenous molecules primarily involved in cell homeostasis, which can also act as extracellular danger signals when released as a result of cell damage or induced secretion [72] . As bovine uterine inflammation causes damage to the surface epithelium and underlying stromal cells that depends on the severity of the bacterial invasion [73] , this may then allow leakage of their cytoplasmic content, S100A8 in particular, into uterine secretions and the circulation.
Measurements of serum haptoglobin (HP) and serum amyloid A (SAA) have been widely used to test for uterine infection in postpartum cows [74] . These two acute phase proteins originate primarily in liver in response to proinflammatory cytokines [75] . Two recent studies provided evidence for low HP and SAA mRNA expression in bovine endometrium, but these genes were not consistently influenced by inflammation [42, 44] . Therefore, neither HP nor SAA are ideal candidate markers for diagnosis of endometritis because they are not produced directly from endometrium. In contrast, our study indicated that mRNA and protein of S100A8 were highly up-regulated in LPS-challenged endometrial cells. The presence of S100 family proteins and calprotectin have been used as markers of inflammatory disease in humans and dogs [60, 76] . Our findings suggest that they may also have potential use in the diagnosis of endometritis in cattle.
Endometrial PG production shows a major up-regulation at parturition, followed by a gradual period of decline over approximately 10 days during the initial stages of involution [24] . When cows experience a uterine infection after calving, concentrations of the PGF 2a metabolite PGFM increase again in the circulation [24] . Following ovulation, cows with uterine infection are more likely to experience a prolonged corpus luteum [25] . This suggests that the normal luteolytic mechanism, which involves up-regulation of oxytocin receptors followed by oxytocin-mediated pulsatile secretion of PGF 2a [26] , is in some way disrupted. Using a bovine endometrial tissue explant system with samples obtained in the late luteal phase, we showed previously that LPS and IL1, IL2, and IL6 could all stimulate PGF 2a secretion, with the cytokines additionally suppressing up-regulation of oxytocin receptors [77] . On the other hand, IL2 increased PGE 2 secretion, which is luteotropic, when samples were collected in the early luteal phase. Both IL1A and IL1B were previously shown to stimulate both PGF 2a and PGE 2 in bovine uterine stromal but not epithelial cells [78] . IL1A was more effective and acted through increased expression of PLA2, PTGS2, and PTGES1. Low doses of TNFa infused in cows stimulated PGF 2a secretion, whereas higher doses increased PGE 2 [79] . LPS can increase uterine PG production by up-regulating PLA2G6 protein and PTGS2 mRNA [15] .
The actions of inflammatory mediators on endometrial PG production can therefore act at multiple points along the biosynthetic pathway with differential effects with respect to dose, cell type, and stage of estrous cycle. A further complication in determining the relative amounts of PGF 2a and PGE 2 produced is the number of different PG synthase enzymes available. At least three forms of PGE synthase have been reported: PTGES (previously called PTGES1), PTGES2, and PTGES3, with PTGES thought to be the main cytokineinducible form in bovine endometrium [80] . The PGFS thought to be responsible for normal luteolysis in cows was identified as the aldose reductase AKR1B1 (previously called AKR1B5) [81] . The present study investigated the actions of LPS on four PG synthases in bovine endometrial culture and showed that the mRNA concentrations of PTGES and AKR1B1 were altered following LPS treatment. Expression of PTGES2 and AKR1C4 (previously called AKR1C1) increased with time in culture but was not significantly altered by LPS. Despite these changes in gene expression, the proportion of PGE 2 to PGF 2a secreted remained similar. In contrast, other studies have reported that the secretory level of PGF 2a was less than that of PGE 2 in endometrial tissue explants following exposure with the same dose and duration of LPS and in epithelial and stromal cells challenged with pathogenic E. coli [15] . The reasons for these differences are unclear and may be due to variations in experimental design. Our data, however, suggest that a raised baseline of PGF secretion with loss of pulsatility in cows with a uterine infection may be more important than the PGE:PGF ratio in contributing to inhibition of luteolysis.
Matrix metalloproteinases (MMPs) are collagenases which are key participants in extracellular matrix remodeling and are important for the separation of bovine placental tissues from the endometrium at term [82] . MMP-1, -2, -3, -9, and -13 were all highly expressed in the bovine endometrium in late gestation [83] , but MMP1 and MMP13 gene expression levels were down-regulated in postpartum endometrium, which has returned to normal following involution. Our results here showed that LPS treatment caused up-regulation of MMP1 and MMP13. We have shown previously that MMP1, MMP3, MMP9, and MMP13 were all up-regulated in the endometrium of cows in severe relative to mild NEB [32] . Uterine infection in concert with NEB status may thus delay the mechanism of uterine repair in postpartum endometrium by alteration of MMP levels.
In conclusion, the present study established the fact that the bovine primary mixed endometrial culture system used responded to LPS by up-regulating known target genes through the TLR4/CD14/MD2 complex signaling pathway. The time course experiment demonstrated alterations in expression of genes encoding cytokines, chemokines, AMPs, and PG synthases, which will then modulate the immune response in a time-specific manner as part of a complex network of effects that bacterial infections have on endometrial cells. Finally, the present study provided promising results that S100 family Ca 2þ RESPONSES OF BOVINE ENDOMETRIUM TO INFECTION binding proteins may be useful for diagnosis of clinical or subclinical endometritis in postpartum cows.
